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Abstract 
Quantitative atom counting of Zn and O atoms in zinc oxide(ZnO)epitaxial thin film by 
three different routes; reconstruction of phase from side and central band of atomic resolution 
off-axis and in-line electron holography are presented. It is found that the reconstructed phase 
from both side and central band and corresponding atom number for both Zn (Z = 30) and O (Z = 
8) atom columns are in close agreementalong with the systematic increase in thickness for 
thinner sample area.However, complete disagreement is observed for thethicker sample area. On 
the other hand,the reconstructed phase obtained via in-line holography showsno systematic 
change with thickness.Phase detection limits and atomic model used to count the atoms are 
discussed.  
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I. Introduction 
Phase is the fundamental information obtained by high resolution transmission electron 
interferometerexperiment[1].Phase shift encodes information on the potential of atomic 
ensembles and detailed knowledge of charge distribution which may be used to deducethe 
atomic arrangement and properties ofmaterials[2–4].Two established approaches,i.e., off-axis 
and in-line electron holography can be usedto retrieve phase information experimentally at 
atomic and sub-atomic length scale. In-line holography is popularly known as HRTEM (high 
resolution transmission electron microscopy). The first approach,which has the origin in Gabor’s 
proposal of holographyand subsequent development of off-axis geometry by Leith and 
Upatnieks[5,6]. Off-axis geometry eliminates the twin image problem associated with the 
Gabor’s original idea of in-line holography[6]. Gabor’s proposalwas based on using a reference 
optical wavefront to interfere with the object wave,e.g., an electron micrographto overcome the 
resolution limit imposed by the geometrical aberrations of the electron lens. Such a hologram 
contains all the information about the object and the imaging system. Practical off-axis electron 
holography technique makes use of an electrostatic bi-prism for the electron interference 
developed by Möllensted and Düeker[7]. The two side bands (SBs) of the off-axis hologram 
containpure phase information. The central band (CB) is equivalent to inline holography with 
mixed amplitude and phase signals. Off-axis holography is a routine techniquefor medium 
resolution imaging of electric and magnetic fields[8–10]. Only recently, atomic resolution off-
axis holography has been possible with the development of a special holography 
microscopeequipped withdouble bi-prism set up[11–14]. Double bi-prism set up eliminates 
Fresnel fringes and Vignetting effect essential for good quality atomic resolution off-axis 
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hologram which usually has a small field of view[15,16]. Atomic resolution off-axis electron 
holography is a recent development where sub-atomic electron interference fringes encode phase 
information at that length scale. 
 
On the other hand,reconstruction of phase from in-line holography requires series of 
imagesto be recorded at different focus values. Various reconstruction schemes for object exit 
wave(OEW) function have been developed from the experimental image series[1,17–20]. 
Development of both the experimental approaches to obtain phase information dates back to the 
BRITE EURAM program[21]. Comparisons of phase information by two different approaches 
have been performed by few groups both at medium and atomic scale resolutions.However, 
quantitative phase information obtained so far through off-axis and inline holography do not 
correspond to each other for the same sample area and depends on frequency range considered 
for the analysis[14,22–24]. Quantitative imaging is a recent area of active research inatomic 
resolution microscopy community[12,25–32]and understanding the accuracy on the experimental 
phase determination and its correlation with the property of materials is crucial for its success 
and contribution to material and microscopyscience as a whole. Both aberration corrected 
HRTEM and atomic resolution off-axis holography provide a unique opportunity to record phase 
information at the atomic and sub-atomic length scale.  
 
In the present report, we compare the atomic scale phase information quantitatively by three 
different methods; off-axis electron holography using both SB and CB and in line holography. It 
is found that the peak phase values and corresponding atom numbers for both heavy Zn (Z =30) 
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and light O (Z = 8) atoms are in close agreement between the SB and CB of off-axiselectron 
holography for thinner specimenarea with a systematic change in sample thickness. However, for 
thicker sample the agreement no longer holds. On the other hand, the phase information obtained 
via HRTEM method show a much lesser number of atoms than expected and does not change 
systematically with sample thickness.Phase detection limit in both the methods and atomic 
model used to count the atoms is discussed.  
 
II. Experimental details and data analysis 
 
A. Crystal growth 
The ZnO epitaxial thin films were grown on ‘c’ plane ZnO substrate under two different 
oxygen partial pressure (𝑝𝑂2) conditions using pulsed laser deposition (PLD) technique as 
described earlier[33,34]. Electron carrier concentrations can be controlled between 10
19
 to 10
16
 
cm
-3
 with 𝑝𝑂210
-5
 and 10
-2 
Torr, respectively.  Though the original aim was to compare the 
difference in point defect distribution leading to change in carrier concentrations in these two 
samples, however, due to technical limitations at this point of time we restrict ourselves only to 
analyze atom counting by twodifferent phase contrast routes with sample thickness.  
 
B. Off-axis electron holography method, instrumentation and data analysis 
The principle behind HRTEM and holography image acquisitionfor phase retrieval is shown 
schematically in Fig. 1 & 2.Atomic resolution off-axis electron holography is a recent 
development where electron interference fringesencode phase information at the sub-Å length 
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scale where object wave is an atomic resolution electron micrograph. Double bi-prism set up 
atthe special location in the microscope column is important to avoid Fresnel artifact and 
Vignetting effect particularly at the atomic resolution where the field of view is severely 
restricted [Fig. 1 (c)][35]. The present data were acquired using aberration-corrected FEI TITAN 
80-300 Berlin holography special TEM operated at 300kV in adouble bi-prism setup.Through 
focalimage series was acquired at a focus range of -10 to +10 nm with ∆𝑓 1 nm. Third order 
spherical aberration coefficient (𝐶𝑆)was set close to zero. It was already mentioned before that 
the aberration correction improved the phase detection limit by a factor of 4, i.e., 2π/20 to 
2π/80[11]. Through focal holography method provides extraction of phase through CB using 
standard algorithm used for HRTEM, in the present case combination ofPAM (Paraboloid 
method) and MAL(Maximum-likelihood). MAL corrects exit wave function iteratively,based on 
a least square formalism. Series of images improves the signal to noise ratio significantly in the 
phase detection from the SB reconstruction using the Berlin code[14].Earlier comparison of 
phase values based onthe medium resolution reported poor signal to noise ratio for a single 
image SB reconstruction[24]. The details of the principle behind the method can be found inref. 
[14]and is shown schematically in Fig. 2 (a). Example FFT of the atomic resolution hologram 
from ZnO is shown in Fig. 2 (b). The cut off frequency for CB and SB are 14 and 12 nm
-1
, 
respectively. The cut off frequencies are chosen in such a way that it does not overlap with the 
neighboring band.   
  
C. In-line holography method and data analysis 
HRTEM data was acquired in a double aberration-corrected FEI TITAN 80-300 kV transmission 
electron microscope available at ICMS, JNCASR, Bangalore. An optimized phase contrast 
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transfer function (PCTF) with Cs= -35 µm,f = 8 nm and a point to point resolution better than 0.8 
Å at 300 kV was set for the experimentation. Image series were recorded under these 
conditions;𝐶𝑠 = −35 𝜇𝑚 and focus range -10 to 10 nm with ∆𝑓 1 nm with the exposure time 1s. 
However, only 10 numbers of images are contemplated for the reconstruction. We did not 
observe any difference in the reconstructed phase image between 10 & 20 number of 
imagesconsidered for the reconstruction.The image series was reconstructed using the 
Gerchberg-Saxton scheme as implemented in MacTempas. Following are the parameters 
employed for the reconstruction;𝐶𝑠 = −35 𝜇𝑚, acceleration voltage 300kV, area of 
reconstruction 1024×1024 (pixel), and objective aperture size gmax=2 Å
-1
,neither any phase plate 
nor any filter is used. Strong central beam condition is considered.The phase image obtained was 
further corrected for the residual aberration using the digital aberration correction scheme 
available within the package. Example images before and after aberration correction are shown 
in Fig. S1 and the schematic of reconstruction steps are shown in Fig. 2 (e). 
 
III. Results and discussion 
A. Phase detection limit 
Resolution is the most important parameter in high resolution transmission electron 
microscopy. In the presence of aberration, the point resolution 𝑔𝑆is defined by the first zero 
crossing of the phase contrast transfer function (PCTF) on the frequency axis under optimum Cs 
and defocus∆𝑓[Fig. S2].The information limit 𝑔𝑖of a microscope is the maximum information 
which can be transferred and isdefinedby the last point of the PCTF functionjust above the noise 
level and usually damped by various incoherent aberrations. The information encoded between 
the point resolution and information limit is not directly interpretable. For example, in an 
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aberration corrected microscope one can obtain resolution 𝑔𝑆better than 0.8Å, which is sufficient 
to resolve any chemical bonds in the crystalline material along high symmetry orientation. This 
reveals the structure of the material in terms of periodic arrangement of atoms. 
 
Similar to resolution, minimum detectable amplitude and the phase signal of an electron 
waveafter interacting with the specimenpotential is equally important to evaluatethe smallest 
gradient of electric and magnetic fields, distinguishing atoms between the columns and counting 
atoms along the columns. Below is the brief discussion on phase detection limit in both off-axis 
and in-line holography in the context of present data.  
 
In electron holography, following the procedure described by Lichte[36], the phase detection 
limit in a medium resolution hologram is given by  
𝜎𝜑 =  
 2𝑒
𝑝 𝑉2𝑗0𝜏𝑆𝑇𝐸(𝑢𝑐)
      (1) 
Where,e is the charge of the electron, Vis the fringe visibility, 𝑆𝑇𝐸(𝑢𝑐) is the signal transfer 
efficiency of the CCD camera and𝑗0 is the current density during the exposure time 𝜏 over the 
area 𝑝2. 
Lichte has shown that the phase detection limit improves with increasing electron dose 
Nnm
-2
andincreasing lateral resolution 𝑝 of reconstructed wave.For atomic resolution holography 
as the width of hologram (𝑤𝑕𝑜𝑙 ) is related to the resolution 𝑞𝑚𝑎𝑥  (𝑤𝑕𝑜𝑙 ≥ 4 𝑝𝑠𝑓), where psf is 
the point spread function of the electron microscope.The above equation can be modified for a Cs 
corrected microscope to  
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𝛿𝜑𝑙𝑖𝑚 =
4 𝜋  𝑠𝑛𝑟  𝐶𝑠
 𝜇  .𝑉𝑖𝑛𝑒𝑙 .𝑉𝑖𝑛𝑠𝑡 .𝑉𝑀𝑇𝐹  −ln ( 𝜇  )
𝐵𝑎𝑥
𝑒𝑘2
∈𝑡𝐷𝑄𝐸 (𝑞𝑐)
 ×  
𝑞𝑚𝑎𝑥
4
𝑘3
   (2) 
 
Where,snr is the signal to noise ratio,qmax is the resolution in reciprocal space, 𝜇 is the degree of 
spatial coherence, 𝑉𝑖𝑛𝑒𝑙 ,  𝑉𝑖𝑛𝑠𝑡 , 𝑉𝑀𝑇𝐹  are the hologram contrast arising due to inelastic scattering, 
instabilities and Modulation Transfer Function (MTF) of the CCD respectively. 𝐷𝑄𝐸(𝑞𝑐) is the 
Detection Quantum Efficiency of CCD camera, Bax is the brightness of the electron source, 
electron wave number k and e is the charge of the electron[11]. 
 
In the present experimental hologram with fringe spacing (s) of 0.0469 nm, the phase 
detection limit is 0.00023rad for an area 𝑝2 ~ 100 nm2 (512×512 pixels), V = 15%, and electron 
dose 16×10
6
 nm
-2
, which is the area of reconstruction in the present case.At the limit of 
resolution where the lateral resolution of wave should be selected as 4 times psf, i.e., for p =0.32 
nm, phase detection limit is 0.007365 rad.With this phase detection limit counting of incremental 
atoms both for O (0.109 rad) and Zn (0.284rad) atoms is possible. The dependence of theoretical 
phase detection limit on V, electron dose and lateral resolution are given in supplementary[Fig. 
S3]. It can be seen that the phase detection limit changes within the same order of the magnitude 
with some variation in V, p and N thus should not affect the atom counting both in the case of Zn 
and O.In this context, Lehman et al [11]reported phase detection limit 2π/80 for an aberration 
corrected holography microscope.Cooper and Voelkl improved the phase detection limit to 0.001 
and 2π/1000 (0.00628) by long exposure and multiplicity of holograms along with bi-prism and 
sample drift correction, respectively[37,38]. However, none of the latter two cases above used 
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double bi-prism set up which eliminates Fresnel fringe and improves the phase detection limit 
significantly.  
On the other hand, in the context of HRTEM, phase detection limit has not been 
discussed. Experimentally, distinguishing between B and N atoms has been reported with peak 
phase values as 0.022 and 0.026 rad, respectivelywith a difference of 0.004rad between the two 
atoms[39] [Fig. S4]. It is the shape and contrasts both responsible for the detection of atoms. The 
peak phase value on the atom position depends on atomicscattering and structure factors, 
microscope transfer function, and resolution. This will be reflected in the recorded image 
intensity as well. The changes in peak values for both phase and intensity can be calculated 
theoretically [see section II.B.]. However, there is another factor, i.e., the standard deviation in 
the vacuum phase value from reconstruction methoddetermines the experimental phase detection 
limit. Experimentally, it is the standard deviation of intensity and reconstructed phase in the 
vacuum will limit the interpretable phase change, i.e., typically 0.023 rad from the present 
result.In case of in holography,the number is better, i.e., 0.00488 rad (see also section III). 
 
B. Atomic potential model 
It is necessary to compare the results with the theoretical reference values to quantify the 
atom numbers from the reconstructed phase shift. This method involves modeling the atomic 
potentialas imaging electron directly interacts with it giving rise to what is called object exit 
wave (OEW) function.Moreover, the lens phase contrast transfer function (PCTF) and 
aperturediameter (k in Å
-1
) modify the phase of the OEW further on the way to the recording 
device. The size of the nucleus (1.6 to 15 fm) is extremely tiny compared to the size of the atoms 
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consisting of nucleus and surrounding electron clouds (0.1 to 0.5 nm). For a stationary atom, the 
Coulomb potential is∝
1
𝑟
, and there is a singularity at the center of the atom. The imaging 
electrons mostly see the nuclear potential, and the surrounding electrons shield the effect[40]. 
Inelastic events are negligible compared to elastic events(imaging electrons) for thin 
sample.Various theoretical atomic potential models are available in the literature[40–42]. In the 
present investigation, Hartree-Fock atomic model projected along the z-direction is considered 
which is given by  
𝑣𝑧 𝑥, 𝑦 =  𝑉𝑎 𝑥, 𝑦, 𝑧 𝑑𝑧 
+∞
−∞
 
= 4𝜋2𝑎0𝑒  𝑎𝑖
3
𝑖=1 𝐾0 2𝜋𝑟 𝑏𝑖 + 2𝜋
2𝑎0𝑒  
𝑐𝑖
𝑑𝑖
3
𝑖=1 exp⁡(−𝜋
2𝑟2/𝑑𝑖)   (3) 
with 𝑟2 = 𝑥2 + 𝑦2 
Where, 𝑎0 is the Bohr radius, 𝑎𝑖 ,𝑏𝑖 ,𝑐𝑖 , 𝑑𝑖  are the parameterized coefficients.𝐾0(𝑥)is the 
modified Bessel function of order zero[19]. 
 
The projected atomic potential of Zn and O atoms calculated by the above equation is 
given in supplementary [Fig. S5]. The potential function is asymptotic due to 
1
𝑟
 dependence. 
Therefore,it is necessary to consider inner and outer bound of the potential while calculating the 
phase shift and image of the atom.The atomic scattering factor 𝑓𝑒(𝑘)(according to Moliere) and 
image of the atoms depends on the inner and outer cut off potential [Fig. S6]. However, it is 
observed that there is a limit in both inner and outer cut off, beyond which the change in 𝑓𝑒(𝑘) or 
peak values of image of the atom do not change significantly. For the present report, the limits 
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selected are 0.01 and 1 Å, for calculating images of isolated Zn and O atoms using standard 
formula [See supplementary for more information].  
 
The image of single isolated atom based on the model potential above, equation (3)can be 
calculated directly using electron scattering amplitude as given by the following equation; 
𝑔 𝑥 =  1 + 2𝜋𝑖  𝑓𝑒 𝑘 exp −𝑖𝜒 𝑘  𝐽0 2𝜋𝑘𝑟 𝑘𝑑𝑘
𝑘𝑚𝑎𝑥
0
 
2
           (4) 
 
Where,𝑓𝑒 𝑘  is the electron scattering factor in the Moliere approximation using the projected 
atomic potential.𝜒 𝑘 is the aberration function, 𝑘𝑚𝑎𝑥 = αmax/λis the maximum spatial frequency 
in the objective aperture and 𝐽0(𝑥) is the Bessel function of order zero.  
 
The effect of inner and outer bound of potential and the resolution of the microscope as 
set by the objective aperture diameter on the shape and peak values of single atomphase shift and 
image intensity are given in supplementary[Fig. S7 and S8]. The real part of the wave transfer 
function,cos 𝜒 is neglected (i.e. set to zero) and imaginary part𝑠𝑖𝑛 𝜒 , which is the pure phase 
partis set to 1 tomimic Scherzer like transfer function for the atoms in a periodic lattice within 
weak phase object approximation. Similar to the scattering factor, the peak value of phase and 
intensity do not change significantly below an inner cut off of 0.01Å, and no significant change 
is observed with the outer bound. This is true in case of both Zn and O atoms. The peak phase 
and intensity values changes with the size of the aperture [Fig. S9]. In the present case an 
aperture size of 2Å
-1
is used.  
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Two different theoretical phase values;peak and mean for a given atom which can be 
considered to interpret the reconstructed phase for counting the number of atoms. However, 
atoms are never stationary in the crystal and due to finite temperature atoms oscillate (0.0073and 
0.0072 Å, for Zn and O atoms in ZnO at 293K [43]) about the mean position. Therefore,an 
incoming probe electron sees a blurred atom position. Aberration of the microscope will cause 
further blurring. However, the amplitude of thermal vibrationat room temperature and resulting 
blurring is smaller compared to the blurring due to aberration and is not considered in the present 
investigation. By numerical evaluation, one can find that the peak phase shift values have a 
coarse dependence of Z
0.6-0.7
 and deviation can be observed due to valence electron filling with 
the atomic number[44]. On the other hand, mean phase shift value is sensitive to the inner and 
outer bound of potential [Table. S1]. Mean phase shift value does not change strongly with the 
inner cut off for less than 0.01 Å but changes significantly with outer cut off for less than 1 Å of 
the potential. But beyond 1 Å, it does not change significantly. An inner cut of 1pm and outer cut 
off of 50/25 pmcorresponding to experimental size of the Zn and O atoms, respectively 
considered for extractingmean phase shift value.The theoretical mean phase shift value is 
calculated bythree-dimensional integration of the potential and dividing with the volume 
bounded by the limits. The peak phase shift values for a microscope resolution of 0.8 Å obtained 
from literature and multislice calculation as implemented in MacTempas for the atoms in a 
crystal along with mean phase shift values are given in Fig.3.The two curves corresponding to 
peak phase values match well for fewer atoms in a column but deviates from linearity due to 
dynamical scattering for a higher number of atoms. The mean phase is found to be smaller (~ 
factor of 0.5) compared to the peak phase value, and this has implications on the atom number 
assignment by two different reference parameters and is discussed next.  
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C.  Atomic resolution off-axis electron holography 
In this section the experimental phase information retrieved from both SB and CB off-axis 
hologram ofZnO film with varyingthickness is analyzed. ZnO films with two different thickness 
along <11-20> and <01-10> orientations are considered.The extinction lengths (𝜉𝑔) are108.6 and 
142.4 nm for <11-20> and <01-10> Z.A., respectively. Fig.4&6are the amplitude and phase 
images corresponding to CB and SB obtained for the two different areas marked as P and Q. The 
peak phase values on top of Zn and O columns have been evaluated, and selected columns at 
three different distances corresponding to different thickness levels from the edge of the 
specimen for area P are indicatedin the figures. Same columns are considered for the 
comparisons of two different OEW reconstructed using theCB and SB. The atom numbers 
corresponding to Zn atom evaluated from the peak and mean phase values are plotted in Fig. 5 
for area P.Difference in the number of Zn atoms between CB and SB is within ±1 and ±3 
corresponding to reference peak and mean phase respectively.Another noticeable point is that 
similar amount of Zn and O atoms are obtained for different areas for area P, suggesting that 
peak phase values as used from the theoretical model fits well in this case for both light and 
heavy atoms adjacent to each other. The reconstructed phase values and corresponding atom 
numbers for both Zn and O atoms in the neighboring columns for area P are given in Fig. 6. It 
can be seen that the atom numbersare in close agreement with difference ±1 atoms for Zn and O 
atoms.A Similar comparison is given forarea Q in Fig 7 shows the reconstructed phase and 
amplitude images. Fig 8 shows a comparison of phase shift as well as the atom numbers for Zn 
between the CB and SB. It can be seen that there is a gradual increase in the atom number with 
the thickness for the SB but almost constant (but different than the SB) atom number is obtained 
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from the CB. Thus, for area Q the match is poor between CB and SBbecause of relatively thicker 
sample area and stronger dynamical effect. 
 
D. Inline holography/HRTEM 
Fig.9 shows the reconstructed phase image of ZnO film along <11-20> orientation from 
different thickness regions of the sample. The peak phase values from Zn columns are given in 
the line scan for the columns indicated in the image. The peak phase values remain almost same 
between thinner and thicker regions of the sample at around 0.18rad which corresponds to~1Zn 
atom. In case of O peak phase value is around 0.09 rad and corresponds to ~1 atom. 
 
Lehmann et. al.[14] first described the difference between in-line and off-axis electron 
holography at atomic resolution in GaAs crystal along <1-10> Z.A. The phase and amplitude 
reconstructed from the SB and CB agrees well up to a thickness of 3/2 times the extinction 
length, but significant deviations observed at lower frequency and thicker specimen area. The 
agreement between the two methods for the thinner area, is due to the similar wave function 
reconstructed in the limit of linear imaging with negligible inelastic scattering. However, for 
thicker area, due to significant inelastic scattering, reconstruction methods corresponding to CB 
and SB yield two different wave functions. This is because the mathematical formulation of SB 
contains average OEW function, while CB contains sum of squared OEW function. It is 
mentioned that the deviation observed in the thicker area between CB and SB reconstructed 
wave function maybe either due to fundamental quantum mechanical differences or numerically 
difficult inversion of the imaging process. In the present investigation, our results agree with 
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Lehmann et. al. observation for the CB and SB reconstruction of off-axis experiment. However, 
observation made in HRTEM experiment is not comparable with the CB reconstruction. This 
could be because of the reconstruction scheme employed in the MacTempas package.  
  
Counting of atoms depends on the theoretical reference phase values, i.e., mean or peak 
values of phase. We obtain ~ 3 times higher atom numbersfor Zn and O using reference mean 
phase value compared to peak phase value. The experimentally observed higher mean phase 
values compared to theory could be because of incoherent aberrations or vibrations present in the 
recorded image.  
 
IV. Conclusions 
In conclusion, atomic resolution reconstructed phase of Zn and O atoms in ZnO epitaxial thin 
film is compared between off-axis and in-line holography techniques. While holography method 
has an excellent match in atom numbers for both Zn and O atoms extracted from SB and CB for 
thin sample area,however, for thicker sample the atom numbers do not match. In case of in-line 
holographic reconstruction of HRTEM data, the atom number do not change systematically with 
increasing sample thickness, and a constant atom number of one is obtained throughout the 
reconstructed area. 
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Supplementary material  
Supplementary material contains information on example HRTEM images with and without 
digital aberration-correction, PCTF, phase detection limit in off-axis holography, atomic 
potential model and corresponding images and exit wave function.  
 
References 
[1] D.B.Williams. B. C. Carter, Transmission Electron Microscopy Diffraction, Imaging, and 
Spectrometry, 2017. ISBN 978-3-319-26651-0. 
[2] H. Lichte, M. Lehmann, Electron holography - Basics and applications, Reports Prog. 
Phys. 71 (2008).  
[3] W. Coene, G. Jannsen, M.O. d. Beeck, D. V Dyck, Phase retrieval through force variation 
for ultra-resolution in field-emmission transmission electron microscopy., Phys. Rev. Lett. 
69 (1992) 3743. 
[4] D. Van Dyck, M. Op de Beeck, New direct methods for phase and structure retrieval in 
HREM. Proceedings of the XIIth International Congress for Electron Microscopy (1990) 
17 
 
26.  
[5] D. Gabor, A new microscopic principle, Nature. 161 (1948) 777. 
[6] E.N. Leith, J. Upatnieks, Reconstructed Wavefronts and Communication Theory, J. Opt. 
Soc. Am. 52 (1962) 1123.  
[7] G. Möllenstedt, H. Düker, Beobachtungen und Messungen an Biprisma-Interferenzen mit 
Elektronenwellen, Zeitschrift Für Phys. 145 (1956) 377. 
[8] S. Frabboni, G. Matteucci, G. Pozzi, M. Vanzi, Electron holographic observations of the 
electrostatic field associated with thin reverse-biased p-n junctions, Phys. Rev. Lett. 55 
(1985) 2196. 
[9] M.R. McCartney, D.J. Smith, R. Hull, J.C. Bean, E. Voelkl, B. Frost, Direct observation 
of potential distribution across Si/Si p-n junctions using off-axis electron holography, 
Appl. Phys. Lett. 65 (1994) 2603. 
[10] D. Cooper, R. Truche,  a. C. Twitchett-Harrison, R.E. Dunin-Borkowski, P. a. Midgley, 
Quantitative off-axis electron holography of GaAs p-n junctions prepared by focused ion 
beam milling, J. Microsc. 233 (2009) 102. 
[11] D. Geiger, H. Lichte, M. Linck, M. Lehmann, Electron holography with a Cs-corrected 
transmission electron microscope, Microsc. Microanal. 14 (2008) 68. 
[12] A. Wang, F.R. Chen, S. Van Aert, D. Van Dyck, Direct structure inversion from exit 
waves. Part II: A practical example, Ultramicroscopy. 116 (2012) 77. 
[13] H. Lichte, Electron holography approaching atomic resolution, Ultramicroscopy. 20 
(1986) 293. 
18 
 
[14] T. Niermann, M. Lehmann, Holographic focal series: Differences between inline and off-
axis electron holography at atomic resolution, J. Phys. D. Appl. Phys. 49 (2016) 194002.  
[15] Schaal, G. C. Jönsson, and EF Krimmel, 1966/1967, Optik (Stuttgart) 24, 529. Optik 
(Stuttgart) 24 (1966) 529. 
[16] K. Harada, T. Matsuda, A. Tonomura, T. Akashi, Y. Togawa, Triple-biprism electron 
interferometry, J. Appl. Phys. 99 (2006) 1. 
[17] W.M.J. Coene, A. Thust, M. Op De Beeck, D. Van Dyck, Maximum-likelihood method 
for focus-variation image reconstruction in high resolution transmission electron 
microscopy, Ultramicroscopy. 64 (1996) 109. 
[18] W.O. Saxton, What is the focus variation method? Is it new? Is it direct?, 
Ultramicroscopy. 55 (1994) 171. 
[19] E.J. Kirkland,Advanced computing in TEM, S. Edition(2010). 
[20] R.Kilaas, R. Gronsky, Real space image simulation in high resolution electron 
microscopy*. Ultramicroscopy. 11 (1983) 289. 
[21] D. Van Dyck, H. Lichte, K.D. Van Der Mast, Sub-angstrom structure characterisation: 
The Brite-Euram route towards one angstrom, Ultramicroscopy. 64 (1996) 1. 
[22] C.T. Koch, A. Lubk, Off-axis and inline electron holography: A quantitative comparison, 
Ultramicroscopy. 110 (2010) 460. 
[23] T. Latychevskaia, P. Formanek, C.T. Koch, A. Lubk, Off-axis and inline electron 
holography: Experimental comparison, Ultramicroscopy. 110 (2010) 472. 
[24] C. Ozsoy-Keskinbora, C.B. Boothroyd, R.E. Dunin-Borkowski, P.A. Van Aken, C.T. 
19 
 
Koch, Hybridization approach to in-line and off-axis (electron) holography for superior 
resolution and phase sensitivity, Sci. Rep. 4 (2014) 1. 
[25] D. Van Dyck, F.-R. Chen, ‘Big Bang’ tomography as a new route to atomic-resolution 
electron tomography, Nature. 486 (2012) 243. 
[26] K. Ishizuka, B. Allman, Phase measurement of atomic resolution image using transport of 
intensity equation, J. Electron Microsc. (Tokyo). 54 (2005) 191. 
[27] C.L. Jia, S.B. Mi, J. Barthel, D.W. Wang, R.E. Dunin-Borkowski, K.W. Urban, A. Thust, 
Determination of the 3D shape of a nanoscale crystal with atomic resolution from a single 
image, Nat. Mater. 13 (2014) 1044. 
[28] S. Borghardt, F. Winkler, Z. Zanolli, M.J. Verstraete, J. Barthel, A.H. Tavabi, R.E. Dunin-
Borkowski, B.E. Kardynal, Quantitative Agreement between Electron-Optical Phase 
Images of WSe2 and Simulations Based on Electrostatic Potentials that Include Bonding 
Effects, Phys. Rev. Lett. 118 (2017) 1. 
[29] A. Wang, F.R. Chen, S. Van Aert, D. Van Dyck, Direct structure inversion from exit 
waves. Part II: A practical example, Ultramicroscopy. 116 (2012) 77. 
[30] A. Lubk, A. Béché, J. Verbeeck, Electron Microscopy of Probability Currents at Atomic 
Resolution, Phys. Rev. Lett. 115 (2015) 1. 
[31] J.C. Meyer, S. Kurasch, H.J. Park, V. Skakalova, D. Künzel, A. Grobß, A. Chuvilin, G. 
Algara-Siller, S. Roth, T. Iwasaki, U. Starke, J.H. Smet, U. Kaiser, Experimental analysis 
of charge redistribution due to chemical bonding by high-resolution transmission electron 
microscopy, Nat. Mater. 10 (2011) 209. 
20 
 
[32] F. Winkler, J. Barthel, A.H. Tavabi, S. Borghardt, B.E. Kardynal, R.E. Dunin-Borkowski, 
Absolute Scale Quantitative Off-Axis Electron Holography at Atomic Resolution, Phys. 
Rev. Lett. 120 (2018) 156101. 
[33] B. Loukya, P. Sowjanya, K. Dileep, R. Shipra, S. Kanuri, L.S. Panchakarla, R. Datta, 
Controlling structural quality of ZnO thin film on c-plane sapphire during pulsed laser 
deposition, J. Cryst. Growth. 329 (2011) 20 
[34] R. Sahu, K. Dileep, B. Loukya, R. Datta, Native defects affecting the Li atom distribution 
tune the optical emission of ZnO:Li epitaxial thin film, Appl. Phys. Lett. 104 (2014).  
[35] H. Lichte, Electron holography: Optimum position of the biprism in the electron 
microscope, Ultramicroscopy. 64 (1996) 79. 
[36] A. Harscher, H. Lichte, Experimental study of amplitude and phase detection limits in 
electron holography, Ultramicroscopy. 64 (1996) 57. 
[37] D. Cooper, R. Truche, P. Rivallin, J.M. Hartmann, F. Laugier, F. Bertin, A. Chabli, J.L. 
Rouviere, Medium resolution off-axis electron holography with millivolt sensitivity, Appl. 
Phys. Lett. 91 (2007) 1. 
[38] E. Voelkl, D. Tang, Approaching routine 2π/1000 phase resolution for off-axis type 
holography, Ultramicroscopy. 110 (2010) 447. 
[39] C. Jin, F. Lin, K. Suenaga, S. Iijima, Fabrication of a freestanding boron nitride single 
layer and Its defect assignments, Phys. Rev. Lett. 102 (2009) 3. 
[40] T.G. Strand, T.Tietz. Accurate Analytical Hartree-Fock Potentials for Neutral Atoms as a 
Sum of Yukawa Terms (*). Il Nuovo Cimento, Vol. XLI B,N.1 (1966) 89.  
21 
 
[41] P.A. Childs, D.L. Misell, On the calculation of electron scattering factors from the free 
atom formulation, J. Phys. C Solid State Phys. 4 (1971) 158.  
[42] W. J. BYATT Analytical Representation of Hartree Potentials and Electron Scattering, 
Phys. Rev. 52 (2009) 58.  
[43] K. Kihara and G. Donnay, Anharmonic thermal vibrations in ZnO*, Canadian 
Mineralogist 23 (1985) 647. 
[44]  M. Linck, H. Lichte, M. Lehmann, Electron Holographic Materials Analysis at Atomic 
Resolution, Int. J. Mat. Res.(formerly Z. Metallkd.), 97 (2006) 890. 
 
 
 
 
 
 
 
 
 
 
 
22 
 
Figures: 
 
 
 
 
 
 
 
 
 
 
Figure 1.The schematics showing principle of image formation for (a) HRTEM, (b) off-axis 
electron holography, and (c) off-axis holography with double bi-prism set up.  
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Figure 2. (a) & (e) Steps involving in reconstruction methods to extract phase and amplitude 
from the hologram and HRTEM image series, respectively. (b) Fourier transform of the 
hologram showing one CB and two SBs. (c)& (d) are the example atomic resolution hologram 
and HRTEM image of ZnO epitaxial thin film along <11-20> Z.A.. 
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Figure 3.Peak phase shift of (a)Zn and (b) O atoms with increase in the number of atoms in the 
column calculated using isolated atom model and multislice method considering dynamical 
scattering. The resolution was set to 0.5 Å.Also plotted mean phase shift with the inner and outer 
bound ofpotential 10 to 50 pm, respectively. 
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Figure 4.(a) & (c) Amplitude and (b) &(d) phase image of ZnO along <11-20> Z. A for area P 
obtained through reconstruction CB and SB of off-axis electron hologram, respectively.  The 
corresponding complex wave function can be found in the supplementary Fig.S10[(a) and 
(b)].Three different arrows are indicated in the phase image along which the peak and mean 
phase values are extracted.  Larger dots and smaller dots are corresponding to Zn and O atoms, 
respectively. 
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Figure 5.(a) Peak (Φp) and mean (Φm) phase shift and (b) corresponding atom numbers of Zn 
atomalong three different arrowsfrom area P reconstructed fromSB and CB.Zn atom number 
matches well between SB and CB with ±1 atom. However, the number of atoms derived from the 
mean phase value is three times higher than peak phase value.  
 
 
 
 
 
 
 
 
27 
 
Figure 6. Comparison of (a) peak phase shift and (b) corresponding atom number with variation 
of thickness in Zn and O columns for area P. Almost similar number of atoms are obtained for 
Zn and O atoms at the neighboring sites.  
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Figure 7.(a) & (c) Amplitude and (b) & (d) phase image of ZnO along <01-10> Z. A. for area Q 
obtained through reconstruction CB and SB of off-axis electron hologram, respectively.  The 
corresponding complex wave function can be found in the supplementary Fig.S10[(c)and 
(d)].Three different arrows are indicated in the phase image along which the peak and mean 
phase values are extracted.   
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Figure 8.(a) Peak (Φp) phase shift and (b) corresponding atom numbers of Zn atomalong three 
different arrowsfrom area Q reconstructed fromSB and CB.No agreement is found in the number 
of Zn atoms between SB and CB. Almost constant number of Zn atoms are obtained from CB 
reconstruction, however, for SB reconstruction for the first arrow near the edge shows systematic 
increase in atoms number.   
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Figure 9. Reconstructed phase image of HRTEM image series for different thickness regions. 
Throughout the sample area almost constant phase and atom number 1 are obtained.  
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S1. HRTEM image before and after digital aberration correction  
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Fig S1. Example of HRTEM reconstructed amplitude, phase and image (a) - (c) before and (d)-
(f) after digital aberration correction. Cs=-35µm, Δf=2nm are used for the aberration correction. 
S2. Phase contrast transfer function (PCTF): 
 
Figure S2.(a) PCTF function at 300 kV under optimum lens parameters, Cs=-35µm Δf=8nm with 
the envelope function (blue dotted line) corresponding to spread in defocus 1nm. The point 
resolution and information limits are marked as gs and gi respectively. The positive PCTF gives 
negative phase contrast or white atom contrast.  (b) PCTF function corresponding to positive 
phase contrast or dark atom contrastwith Cs=35um, Δf=-8nm. 
 
S 3. On the phase detection limit 
In off-axis holography, the phase detection limit has been discussed by Lichte, [Ref. 36] and is 
given by 
𝜎𝜑 =  
 2𝑒
𝑝 𝑉2𝑗0𝜏𝑆𝑇𝐸(𝑢𝑐)
    (S1) 
The above equation can be written as  
𝜎𝜑 =  
 2
𝑝𝑉 𝑁/𝑝2𝑆𝑇𝐸(𝑢𝑐)
    (S2) 
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Where 𝑁 =
1
𝑒
𝑗0𝑝
2𝜏 
N is the number of electrons/nm
2
, j0 is the mean current density in the detector plane, 𝑝2 is the 
area of reconstruction, and 𝜏 is the exposure time.𝑆𝑇𝐸(𝑢𝑐) is the signal transfer function of the 
CCD camera. 
The three important parameters in the above equations are, N, p and V. The fundamental limit in 
phase detection is governed by the shot noise or stochastic impacts of single electrons, due to 
probabilistic nature of the electron wave. This is given by  
𝜎𝜑 =  
2𝑐
𝑉2𝑁
     (S3) 
The fundamental phase detection limit improves with the increasing electron dose N. Lichte 
shown that for V=0.4, STE=0.8, and N=9000/nm
2𝜎𝜑  is 0.0314rad for 𝑝
2=1nm
2
. However, there 
is almost no changes in the phase detection limit by improving contrast up to 0.8. rather 
decreases with further increase in contrast.  
 
In our experimental holograms, acquired in Berlin, the average electron dose is 16*10
6
 
/nm
2
,V=15%. Therefore, for a reconstructed area 𝑝2=100nm2(512 X 512),𝜎𝜑 = 0.00023 rad. 
 
Lehmann has modified the equation S3 to incorporate the effect of Cs and smallest area 
of reconstruction (whol ≥ 4psf). Lehmann has shown improvement in the phase detection limit by 
factor of 4 using Cs corrected microscope. The minimum area of reconstruction for the present 
data is approximately (4 × 0.8)
2
 =(0.32nm)
2
, where 0.8 Å is the point resolution of the 
microscope.Thus, the phase detection limit for the smallest area of reconstruction, correspondind 
to the present data is 0.007365rad. Theoretical model suggest, the change in peak (mean) phase 
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due to incremental change in Zn and O atoms in the atomic column are 0.284 (0.122)and 0.1098 
(0.052) rad respectively. The mean phase has been calculated for an inner and outer cut off 
potential 10-50pm for Zn atom. Therefore, it is possible to count the incremental Zn and O atom 
in the atomic columns of the ZnO from the present atomic resolution holography data 
irrespective of area of reconstruction.  In this context, Cooper and Voelkl improved the phase 
detection limit to 0.001 and 2π/1000 (0.00628) by long exposure and multiplicity of holograms 
along with bi-prism and sample drift correction, respectively [37,38]. However, none of the latter 
two cases above used double bi-prism set ups which eliminates Fresnel fringe and improves the 
phase detection limit significantly. However, there is another limit posed by reconstruction 
methods where standard deviation in vacuum phase value poses experimental phase detection 
limit [see section III. of the manuscript]. 
 
The calculated phase detection limit as a function of electron dose N, contrast V and p are shown 
in figure S3. The dashed vertical lines are marked corresponding to the current experimental 
parameters. 
 
Figure S3. dependence of theoretical phase detection limit on area of reconstruction (p
2
), 
visibility and electron dose are given.  
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S 4. Experimental and theoretical phase shift value of B and N by in-line holography 
 
 
 
 
 
 
 
 
 
Fig S4. For a BN monolayer, the peak phase shift value of B and N are 0.022/0.09 and 
0.026/0.13 with the difference 0.004/0.04 rad by experiment and simulation.  Difference between 
the simulation and experimental values are because of Stobb’s factor [39]. 
 
S 5.  Atomic potential model  
 
The charge distribution and corresponding atomic potential is calculated by Hartree-Fock 
procedure [Ref. 19]. The atomic potential in 3D is given by  
𝑉𝑎 𝑥, 𝑦, 𝑧 = 2𝜋
2𝑎0𝑒  
𝑎𝑖
𝑟
exp −2𝜋𝑟 𝑏𝑖 + 2𝜋
5/2𝑎0𝑒  𝑐𝑖𝑑𝑖
−3/2exp⁡(−𝜋2𝑟2/𝑑𝑖)
3
𝑖=1
3
𝑖=1
 
           (S4) 
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with  𝑟2 = 𝑥2 + 𝑦2 + 𝑧2        
Where, 𝑎0 is the Bohr radius, 𝑎𝑖 ,𝑏𝑖 ,𝑐𝑖 , 𝑑𝑖  are the parameterized coefficients.  
Then the mean phase shift in the absence of dynamical scattering is calculated by the equation,  
Φ 𝑥, 𝑦 = 𝜎  𝑉 𝑥, 𝑦, 𝑧 𝑑𝑧      (S5) 
Where 𝜎 =
𝜋
𝜆𝐸
  is the interaction parameter with wavelength λ and accelerating voltage E [44]. 
The projected atomic potential integrated along z-direction can be calculated from the equation 
above and is given in the main text equation (3).  
The atomic potential is asymptotic and has a singularity at the center of the atom. Various 
resolution limiting factors such as diffraction limit, thermal vibration, aberration of the 
microscope result in measurable peak phase value in the phase image of the atom. The phase 
image of the atom can be approximated to a Gaussian function. Gaussian function is 
parameterized by the peak height and the full width half maxima (FWHM). Therefore, the 
reference phase shift can be considered either based on the peak value of the phase or the mean 
value of the phase.  The mean value will depend on both the peak value and FWHM of the phase 
distribution function. The mean value of the phase can be calculated by integrating three-
dimensional atomic potential between the two limits and dividing with the volume. The mean 
phase values calculated 
for different inner and 
outer cut-off values are 
given in table S1.  
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Figure S5. Projected potential of Zn and O atoms calculated using equation (3) 
 
 
 
 
 
 
 
 
Table S1.Table of mean phase shift with same outer cut off & varying inner cut off, same inner 
cut off with varying outer cut off for Zn and O atoms 
 
S 6.  Scattering factor 
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Figure S6. The variation of feq (according to Moliere) with inner and outer bound of the 
potential.  There is no change in feq by changing inner cut off from 0.001 to 0.01 Å(for the same 
outer cut of 1 Å) but changes to inner cut off of 0.1ang for both Zn and O.  On the other hand, 
keeping the inner cut off fixed(0.01 Å), there is only change in amplitude at small scattering 
angle (<0.25 Å
-1
)by changing the outer cut-off.   
 
 
 
S 7.  Peak phase as a function of cut-off 
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Figure S7. (a) & (c) The peak phase of Zn and O atom as a function of inner cut-off (fixed outer 
cut-off 1 Å) and (b) & (d) as a function of outer cut-off ( fixed inner cut-off, 0.01Å). The peak 
phase value does not change with the outer cut off potential from 0.9 to 1.4 Å. Peak phase values 
also do not change for inner cut-off of 0.001 and 0.01 Å but changes significantly for 0.1 Å. 
 
 
 
 
S 8.  Peak intensity as a function of cut-off 
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Figure S8. Corresponding intensity plots of Zn and O atoms, similar trend is observed in the 
intensity plot also with variation of inner and outer cut off potential.  
 
 
 
 
 
S 9.  Phase shift and Intensity for different k  
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Figure S9. Phase shift and intensity plot of Zn and O atoms for k=1.25 and 2 Å
-1
. The inner and 
outer cut off are 0.01 and 1 Å respectively.  
 
 
 
 
 
 
 
S 10.  Reconstructed wave function  
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Figure S10. Reconstructed wave function of area P (a) and (b) and area Q (c) and (d) both from 
central and side band.  
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